Considering the actuator saturation, the problem of multiobjective constraint fault-tolerant control is studied for networked Takagi-Sugeno (T-S) fuzzy system with nonuniform transmission period under the discrete event-triggered communication scheme (DETCS). A closed-loop T-S fuzzy model, which includes numerous factors such as actuator saturation, actuator failure, event-triggered condition, nonuniform transmission period, and time-delay, is established by transferring the effect caused by the nonuniform update period on the system performance into the effect on the system time-delay. Two stability criterions and two codesign methods for the networked closed-loop failure T-S fuzzy system are developed based on a discontinuous Lyapunov-Krasovskii function, a kind of reciprocally convex technology, a kind of linear convex combination, Jessen inequality, and Wirtinger's inequality. A feasible experimental solution is presented to verify the effectiveness of the proposed method.
Introduction
The T-S fuzzy model is known as an effective way of expressing nonlinear system, in which the model expresses the nonlinear system into a combination of several linear subsystems with different membership degrees, applying numerous mature methods of the linear system into the nonlinear system [1, 2] . Therefore, a large class of nonlinear systems can be well approximated by T-S fuzzy models because these models can easily present the dynamic performance of the complex system [3] , like wastewater treatment plant [3] , a nonlinear model of the vehicle [4] , and so on [5] . There are numerous results [6] [7] [8] [9] of analysis and synthesis for the nonlinear networked control system (NCS) described by T-S fuzzy model because of the successful application of the network in different industries. Furthermore, these results not only possess important theoretical significance but also have special practical value.
Based on the existing nonlinear NCS research results on T-S fuzzy model, most of the work was studied by adopting a periodic time-triggered communication scheme (PTTCS). Although the system design under PTTCS is easy to analyze and implement, the scheme could lead to a few problems such as network resource waste and network congestion. Essentially, the NCS is an integrated body of control and communication, whereas the PTTCS considers the control and communication in a fragmented way in the process of analysis and synthesis. Thus, the PTTCS cannot simultaneously consider the system control quality and the network service quality for system design. The appearance of DETCS offers an effective way to solve the preceding problems. Saving network communication resources will be obvious because only the data which satisfies certain eventtriggered conditions will be transmitted by the network. Furthermore, the DETCS unifies the control attribute and the communication attribute into one framework, which is the basis for the implementation of the codesign between 2 Mathematical Problems in Engineering control and communication. Recently, the nonlinear NCS control problems under DETCS are gradually attracting more attention by utilizing the T-S fuzzy model [10] [11] [12] . Reference [11] presents a kind of DETCS for a class of networked T-S fuzzy systems. In the existing study results under DETCS, a nonuniform transmission period exists when the event trigger selects the transmission data. These problems are usually studied by using the continuous method in one period. The nonuniform transmission period generated by the event trigger is essentially an integer multiple of the sample period; thus, the nonuniform transmission control problem under DETCS is regarded as the nonuniform sample control problem. Regardless of whether there is an equal sample period in the sampler or not, we can bind the event generator with the sampler and consider both the event generator and the sampler as a virtual nonuniform sampler. Therefore, NCS is essentially a typical sample-data hybrid system which can possibly analyze and synthesize the system by adopting the related study method of the sample-data control system.
By studying the method for the sample-data control system, all the methods can be generally summarized into three categories [13] . The first method is converting the continuous time plant into discrete one and designing the discrete controller under the discrete system control theory. In the second method, the continuous time controller is designed based on the continuous system control theory and then converting the continuous time controller into discrete one [14] . The effect generated by the nonuniform update period on the system performance is transferred into the effect of the system time-delay during the third method, and the related problems are studied using excellent and mature methods in the time-delay system [13, 15] . The conclusion is drawn by further analyzing the three preceding methods. Obtaining the nonlinear discrete system model by using the first method is difficult. Selecting a smaller sample period to implement better approximation for continuous time controller in the second method is necessary. The two preceding methods should either consider the discrete sample period before solving the controller or consider the discrete sample period after obtaining the controller. Moreover, the third method is carried out based on the relative mature time-delay system theory, which neither needs to convert the continuous control plant into discrete one nor needs to convert the continuous time controller into discrete one and only needs to analyze the effect of the nonuniform sample period on the system performance by the dealing method of the input delay. Therefore, the nonuniform sample system control problem based on the third method has gradually attracted more attention [13, 15, 16] .
The stability and the performances of the system cannot be ensured with the general control law if any component of the system has a fault [3, 4] . A kind of control technology, which is known as the fault-tolerant control, has been proposed for this situation to guarantee the stability and acceptable performances. In addition, because of the complexness and uncertainties of NCS, security has become the focus of attention. In the last ten years, the fault-tolerant control technology played an important role in improving the safety and reliability in NCS, thereby attracting numerous scholars [17] [18] [19] who devoted numerous efforts to the research of faulttolerant control in NCS. Compared with the fault-tolerant control technology in a traditional control system, the faulttolerant technology of NCS can solve a few problems caused by network communication such as data dropout, time-delay, and disorder [20, 21] . Apart from the general fault-tolerant control in NCS, the multiobjective constraint fault-tolerant control of NCS has also become the focus of academic research [22] [23] [24] . Aside from stability, the failure system should possess a few other control performances such assafety degree [25] , ∞ -performance, 2 -performance, and pole assignment.
Thus, few circumstances of the nonuniform transmission sample-data hybrid system under the DETCS were studied by using the methods of nonuniform sample-data control system for the nonlinear NCS based on the T-S fuzzy model. Afterwards, the case simulated the interest of studying the codesign between nonuniform transmission multiobjective constraint fault-tolerant control for nonlinear NCS and network communication.
The study has three main contributions:
(1) A closed-loop T-S fuzzy model is established. The model includes actuator saturation, actuator failure, event-triggered condition, nonuniform transmission period, and time-delay. In building the model, the effect of nonuniform transmission period on transmission time-delay is thoroughly analyzed in the present study by utilizing the research method in the nonuniform sample-data system.
(2) Two multiobjective constraint sufficient conditions and two multiobjective codesign methods are derived for the T-S fuzzy NCS. The multiobjective constraint includes -safety degree, ∞ -performance index, 2 -performance index, and as little as possible network communication resource occupancy. The proposed method provides a better dynamic performance for the controlled plant while simultaneously occupying fewer network communications for the entire system.
(3) The codesign method processes less conservatism during solving the controller and event-triggered weight matrix. The discontinuous Lyapunov-Krasovskii function which can allow the system in tolerating a bigger time-delay under multiobjective constraint is adopted. The bigger time-delay makes the codesign easier. The relevant content is analyzed in the simulation experiment.
Notations. represents the -dimensional real vector space; × is the set of all ( × )-dimensional real matrices; > 0(≥ 0) indicates that the matrix is a positive (nonnegative) definite; diag{⋅ ⋅ ⋅ } refers to the block-diagonal matrix; is the identity matrix of the appropriate dimension; and is the transpose of the matrix . In symmetric block matrices, " * " is used as an ellipsis for terms induced by symmetry; matrices, if not explicitly stated, are assumed to possess appropriate dimensions.
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The Statement of the Problem and Preparation
The Description of the Plant.
The typical class of nonlinear controlled plant can be expressed aṡ
where ( ) ∈ and ( ) ∈ denote the state vector and the control input, respectively. The function sat(⋅) : → denotes the standard multivariable saturation function defined as sat( ) = [sat( 1 ), sat( 2 ), . . . , sat( )] , and sat( ) = sign( ) min{1, | |}. 1 ( ) and 2 ( ) are two regulated outputs.
, and 2 ( ( )) are the unknown nonlinear functions based on ( ).
T-S fuzzy model can be regarded as a universal approximator for the general nonlinear system. Considering the following nonlinear systems represented by several simple local linear dynamic systems with their linguistic description, the controlled plant with the actuator saturation constraint can be described based on the following if-then rule.
If 1 ( ) is 1 . . . and ( ) is , theṅ
where ( ) = [ 1 ( ), 2 ( ), . . . , ( )] denotes the premise variables which assume that ( ) is either a given function or a function of ( ) which does not depend on ( ); ( = 1, 2, . . . , ; = 1, 2, . . . , ) is the fuzzy set, and is the number of if-then rules; ∈ × and ∈ × are the system matrix and the input matrix, respectively. Moreover, Δ , Δ ( = 1, 2, . . . , ), which are assumed as normbounded, denote the uncertainty matrix of system parameters. Δ , Δ ( = 1, 2, . . . , ) are time-varying and are satisfying
where , , and are the real constant matrices with appropriate dimensions; ( ) is an unknown time-varying continuous matrix function with real values and the elements of ( ) are Lebesgue measurable. ( ) satisfies ( ) ( ) ≤ .
The fuzzy system is the weighted average of every output of the subsystem; namely,
where
and ( ( )) is the degree of the membership for the variable ( ) which belongs to the fuzzy set .
The Analysis of the Effective Nonuniform Transmission
Sequence for the Sample Signal under DETCS. This paper adopted DETCS for studying nonuniform transmission multiobjective fault-tolerant control problem of nonlinear NCS with actuator saturation to reduce the network resource waste and implement the codesign between control and communication. The structure chart is expressed as in Figure 1 . Figure 1 shows that there are the controlled plants based on T-S fuzzy model, sensor, sampler, event generator, fuzzy fault-tolerant controller, zero-order holder, and actuator. The sampler is driven by the clock whereas the controller and the zero-order holder are both driven by the event. In contrast to traditional NCS, the sampled data passes the event generator before transmission by the network. The function of the event generator is to determine whether the latest sample signal should be transmitted to the controller. The discrete eventtriggered condition is presented as follows:
where Φ is a symmetric positive definite matrix which is the weight matrices of the DETCS to be designed; > 0 is the event-triggered parameter; ( ℏ) and ( ℏ) denote the current sampled data and the latest transmission data, respectively.
Suppose that { ℏ} ( = 0, 1, 2, . . .) denotes the sample instant sequence in the rear end of the sampler and ℏ is the sample period. { ℏ} ( = 0, 1, 2, . . .) denotes the data transmission instant sequence in the rear end of the generator. Simultaneously, suppose that the data to be transmitted in the nonlinear NCS will arrive at the end of the holder after a piece of comprehensive time-delay ℏ . We set the comprehensive time-delay as ℏ = ℏ + ℏ + ℏ at the instant ℏ, where ℏ and ℏ denote the transmission time-delay from the generator to the controller and from the controller to the actuator front end, respectively, and ℏ denote the calculation time-delay. The data transmission instant sequence at the end of the controller is { ℏ = ℏ + ℏ + ℏ } ( = 0, 1, 2, . . .); the updating instant sequence at the front end of the holder is { ℏ = ℏ + ℏ + ℏ + ℏ } ( = 0, 1, 2, . . .). Essentially, ℏ ( = 0, 1, 2, . . .) is also the updating instant for the continuous signal at the rear end of the holder.
Based on the analysis of the data transmission circumstance for nonlinear NCS under nonuniform data transmission, the schematic diagram of data updating sequence is shown in Figure 2 , following the rear end of the sampler to the rear end of the holder.
As shown in Figure 2 , ℏ denotes the transmission instant of effective data which satisfies the trigger condition in the generator and represents the data which can affect the controlled plant through control feedback. These effective data are transmitted to the computing unit of the faulttolerant controller through transmission time-delay ℏ . Afterwards, the multiobjective constraint fault-tolerant controller based on T-S fuzzy model is calculated after computing time-delay ℏ . Last, the related control law is conveyed to the zero-order holder after the time-delay ℏ .
The Establishment of T-S Hybrid Closed Failure NCS Model under Nonuniform Transmission.
Suppose that the network transmission time-delay exists in both the front and rear end of the controller and the system state is completely measurable; then the system adopts the static state feedback controller. When ∈ [ ℏ + ℏ , +1 ℏ + +1 ℏ ), the control signals at the rear end of the T-S fuzzy controller and the front end of the zero-order holder are expressed in (7) and (8), respectively. Through the preceding analysis, a nonuniform transmission period for the transmission data after the event generator exists even if the sample period in the sampler is uniform. At present, the sampler and generator are regarded as a virtual nonuniform sampler. The updating period in the front end of holder for the traditional nonuniform sample system is determined by the variable sample period of the sampler, whereas the data updating period at the front end of the holder in the present study is determined by the nonuniform transmission period, network transmission time-delay, and computing time-delay for the nonuniform transmission system. Although different factors determine the data updating period on the holder side, the uncertainty of the updating period, which exists in the rear end of the holder in these two kinds of system, is a consistent fact on the macrolevel. Therefore, the study ideas based on traditional nonuniform sample control system are presented when establishing the closed-loop failure model for nonuniform transmission nonlinear NCS under DETCS.
When ( ℏ) has reached the actuator but ( +1 ℏ) has not arrived, the transmission interval is defined as
The transmission interval is divided into several subintervals, such that the virtual network transmission delay at the sample instant ℏ+ ℏ to guarantee the effectiveness of the interval division. The static state feedback control law is adopted in the present study. Therefore, three kinds of time-delay ( ℏ , ℏ , ℏ ) are considered as a kind of comprehensive time-delay ( ( )). Considering these kinds of time-delay, respectively, is unnecessary. When ∈ Δ , the function ( ) is defined as
We define = ℏ, = ℏ, = ℏ, = ℏ for convenience in the discussion.
Based on (9) and (10), the upper and lower bounds of ( ) are described as
where ℎ = ℎ max +max{ +( +1) } = ℎ max + . ℎ is the upper bound of the time-delay function in the interval Δ . ℎ max is the upper bound of the variable transmission period which is induced by the event generator. is the upper bound of the time-delay ( ) at the instant +( +1) . (12), the upper and lower bound for the time-delay function are not only related to the upper bound of the network transmission time-delay but are also associated with the upper bound ℎ max of the variable transmission period which is induced by the discrete event generator. The time-delay analysis method unifies nonuniform transmission period and network time-delay into a unified framework, thereby providing a solid foundation for consecutive model establishment and codesign between fault-tolerance and communication.
Remark 1. Based on
When ∈ Δ , the state error ( ) is defined as
When ∈ Δ , based on the combinations of (6), (11), and (13), we obtain
Based on the combination of (8) and (11), ( ) is also written as
With regard to the model of general actuator failures in [17] , the control input with actuator failure is described as
Matrix denotes the mode set of the system actuator failures and describes the fault extent, where
= 0 indicates that the th system actuator is invalid; ∈ (0, 1) implies that the th system actuator is at fault to some extent; and = 1 denotes that the th system actuator properly operates. Notably, the case of = 0 does not exist because the fault-tolerant control technology is based on redundancy.
With regard to (4), (13) , (15) , and (16), the closed-loop failure system model of the event-triggered nonuniform transmission is obtained for nonlinear NCS with actuator saturation based on the DETCS, which is as follows:
The Goal of Fault-Tolerant Control under Multiobjective Constraint.
Based on DETCS, the goal of codesigning between multiobjective constraint fault-tolerant control and network communication for nonuniform transmission nonlinear NCS with regard to the constraint of actuator saturation and actuator failures is to seek the state feedback controller gain and the event-triggered weight matrix Φ. and Φ can guarantee that the failure nonlinear NCS with actuator saturation satisfies the following conditions:
(1) When ( ) = 0, the failure nonlinear NCS possesses -safety degree [25] . (2) Under zero initial condition, for any nonzero ( ) ∈ 2 [0, ∞], the failure nonlinear NCS satisfies 
, where 2 is a given scalar and ‖ ⋅ ‖ 2 denotes 2 [0, ∞] norm. The constraint index can guarantee that the output peak will be smaller than a certain value. The scalar 2 can also be seen as the output peak rejection level. (4) Based on the hypothesis of satisfying the preceding constraint indexes and all the indexes possessing compatibility, the codesign method guarantees a possibly less occupancy rate of the network communication resource.
Lemma Preparation.
In this paper, we used three definitions which are in our previous paper [25] : -safety degree, attraction domain of fault-tolerance with -safety degree, and the contractively invariant set of fault-tolerance with -safety degree.
ℓ( ) = { 0 ∈ : | | ≤ 1, = 1, 2, . . . , }, where matrix ∈ × , and denotes the th row of the matrix ; thereafter, ℓ( ) is defined as the region where the feedback control = sat( ) is linear for , as indicated in [26] .
Based on an ellipsoid estimation of the attraction domain, ∈ × is a positive definite matrix. For > 0, the ellipsoid is defined as ( , ) = { ∈ , ≤ }, where ( ) denotes ( , 1).
Lemma 2 (reciprocal convex inequality [27] 
Lemma 3 (see [1] ). Let > 0, and ( ) is an appropriate dimensional vector. Thereafter, we have the following:
where matrix and vector , which are independent on the integral variable, are arbitrary appropriate dimensional ones.
Lemma 4 (linear convex combination [28] ). For any matrices ( = 1, 2, 3) with proper dimensions, then
holds for ∀ ∈ [0, 1] if and only if the following set of inequalities hold:
Lemma 5 (Wirtinger's inequality [29] 
Main Results
Condition of the Invariant Set.
Two cases for the system with different performances are studied as follows. 
The Sufficient Condition of the Invariant Set for the
then system (17) 
Proof. The state transition ( ) = exp(− ) ( ) must be introduced into the proof course for system (17) to obtainsafety degree. Based on Lemma 5 [25] , when ( ) ⊂ ℓ( ) and ( ) = 0, theṅ
where = +Δ + , = exp( ( ))( +Δ ) , 1 ( ) = exp( ) 1 ( ), and 2 ( ) = exp( ) 2 ( ).
Based on definition 2 of [25] , if system (27) is asymptotically stable, thereafter, system (17) will possess -safety degree.
A discontinuous Lyapunov-Krasovskii functional candidate is constructed to reduce the conservatism and capture the sampling variable characteristic of a saw tooth time-delaẏ ( ) = 1, ∈ ( , +1 ), ∈ as follows:
Mathematical Problems in Engineering
It is not difficult to understand that̂( ( )) = (ℎ − ( )) ∫ − ( )̇( )( ) is discontinuous at the transmission instants , ∈ .̂( ( )) is nonnegative only before the jumps and vanishes just after the jumps, such aŝ(
∈ , taking the derivative of ( ) along the trajectory of (27), we can obtaiṅ
Based on (27), we can obtain the quadratic term of the state derivative, which is estimated as follows:
Based on Lemma 2, we can obtain
and (34) is equal to (23) . Based on Lemma 3, we have
), according to (14) and ( ) = exp( ) ( ), we have
Based on (32)-(36), we havė
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Based on Lemma 4, we have
Thereafter, we obtain (24) and (25) by applying the Schur Complement Lemma into (39). Therefore, if (23), (24), (25) , and ( ) ⊂ ℓ( ) are satisfied, then (17) possesses -safety degree. Moreover, the ellipsoid ( ) is the invariant set for system (17) . In addition, the system possesses less occupancy of the network resource. The proof is hereby completed.
Sufficient Condition of Invariant Set for Closed-Loop Failure System with Multiobjective Constraint Performance Index.
People also expect that the failure networked fuzzy system possesses several additional performances, such as -safety degree, ∞ performance index, and 2 performance index excluding stability in the field of fault-tolerant control. All the indexes are described in Section 2.4 in detail. Therefore, the multiobjective constraint fault-tolerant control problem for nonuniform transmission nonlinear NCS (17) under the DETCS should be studied as follows. 
. , ), and Φ. If all the given values and the matrix variables satisfy ( ) ⊂ ℓ( ) and the matrix inequalities
Proof. Under the zero initial condition and ( ) ̸ = 0, when ∈ ( , +1 ), the following function of ∞ performance index is considered:
+̇( ( ))) .
(45) Similar to the proof procedure of Theorem 6, if we consider the uncertain disturbance ( ( ) ̸ = 0), we can obtaiṅ
If
with Lemma 4, we can obtain
Combining (48) with Schur Complement, we can obtain (41) and (42).
Similarly, suppose the zero initial condition; then ( ( ))| =0 = 0. The following generalized function of 2 performance index is considered:
For any nonzero ( ) ∈ 2 [0, ∞) and ≥ 0, we can obtain
From the definition of Lyapunov function and the expression of 2 , we can obtain
Combining (43) with Schur Complement, we can obtain
Based on (27) , (51), and (52), we can obtain
From (53), for any ( ) ∈ 2 [0, ∞) and > 0, the generalized 2 performance index ‖ 2 ( )‖ ∞ ≤ 2 ‖ ( )‖ 2 is satisfied; that is, system (17) has an 2 performance index.
Therefore, if matrix inequalities (40)-(43) are simultaneously satisfied, system (17) possesses -safety degree,
, and fewer transmission data. The ellipsoid ( ) is the invariant set of system (17) . Particularly, the feedback control law (15) can make the nonuniform transmission nonlinear NCS (17) remain inside the domain of attraction ( ) and possess some multiobjective constraint performances index under the DETCS. The proof is completed.
The Codesign Method.
The codesign in this paper is between the multiobjective constraint fault-tolerant control and the network communication for system (17) with nonuniform transmission period. Codesign refers to simultaneously obtaining the multiobjective constraint fault-tolerant controller and the event-triggered weight matrix by solving a set of linear matrix inequalities. However, only by providing the controller in advance can we obtain the event-triggered weight matrix in the previous study result [31] . Simultaneously obtaining the controller and the event-triggered weight matrix is emphasized in the proposed codesign method in the present study. The balance between the quality of control for the system and the quality of service for the network can be obtained by adjusting the related parameter.
The Codesign Method between Fault-Tolerance and Communication for Closed-Loop Failure System with -Safety
Degree. The goal of system codesign is to obtain the appropriate fault-tolerant control gain and event-triggered weight matrix for system (17) , thereby making the system asymptotically stable and obtaining other performance indexes such as -stability and less occupancy of network communication resource. 
then the nonuniform transmission nonlinear NCS (17) Proof. We replace , with +Δ + and exp( ( ))( + Δ ) in (24), respectively. Based on (3) and Lemma 9 of [25] , we can obtain
where 
is some scalar, and 9 > 0. With regard to the Schur Complement Lemma, (59) is equivalent to
Transforming matrix inequality (61) into the corresponding linear matrix inequality through congruent transformation is necessary to conveniently solve matrix inequality. Pre-and postmultiplying
(54) when we define = , = . Pre-and postmultiplying (61) with 1 
(64)
. . , ), =̂, and Φ = Φ .
For the matrix with appropriate dimension, if (
. Therefore, we can obtain (55). Similarly, we can obtain (56) using a series of processing methods.
When the actuator has saturation constraint, we make some mathematical transitions to the linear domain condition.
where is the th row of the matrix for ∈ [1, ] . Equation (65) is equivalent to
In addition, applying the Schur Complement into (66), we can obtain
As −1 = , = are defined as above, (67) is equivalent to (57). Namely, when the system parameters satisfy (54)-(57), the control law (15) can make the state trajectories of the nonlinear NCS (17) remain inside the ellipsoid ( ) and possess a -safety degree. Meanwhile, we can get the nonuniform transmission robust fault-tolerant controller gain matrix and event-triggered weight matrices by = −1 and Φ = −1 Φ −1 . The proof is completed. (17) with Multiobjective Constraint. The codesign goal of multiobjective constraint fault-tolerant control under DETCS is to obtain the appropriate multiobjective constraint fault-tolerant control gain and the event-triggered weight matrix for system (17) , thereby making the system asymptotically stable and obtaining some other performance indexes such as -safety degree, ∞ -performance, 2 -performance, and fewer occupancy of network communication resource.
The Codesign Method between Fault-Tolerance and Communication for Closed-Loop Failure System
Theorem 9.
Based on the event-triggered condition (6) of the DETCS, there exist some matrices = > 0,Φ =Φ > 0,̆,̆,,̆,̆,̆ ( = 1, 2, . . . , ),̆and̆for the given  values , ℎ , , 1 , and 2 . If all the given values and the matrix variables satisfy ( ) ⊂ ℓ( ) and the matrix inequalities 
The proof process is similar to Theorem 8. The proof detail is omitted herein because of the limited space, and the proof process is detailed in Appendix.
Remark 10. There are four theorems. Theorems 6 and 7 are two stability criterions. Suppose that the fault-tolerant controller and the event-triggered weight matrix are previously provided and determine if the closed-loop failure system (17) with nonuniform transmission period satisfies the related performance index simultaneously, such as -safety degree, ∞ -performance, 2 -performance, and less data transmission. Furthermore, Theorems 8 and 9 are the related codesign method between control and communication. Particularly, the multiobjective constraint fault-tolerant controller and event-triggered weight matrix are simultaneously obtained by solving the related linear matrix inequalities in Theorems 8 and 9, which can make system (17) possess some desired performance indexes. Therefore, Theorems 6 and 7 are the criterions of judgment and Theorems 8 and 9 are the methods of solving controller and event-triggered weight matrix. From the point of the theorem proof process, the proof of Theorems 6 and 7 are the bases of Theorems 8 and 9.
If the parameters , , 1 , and 2 are provided in advance, the satisfactory fault-tolerant controller and the event-triggered weight matrix which are solved through Theorem 9 are only -suboptimal solutions for system (17) 
In addition, we can obtain the optimal fault-tolerant controller and event-triggered weight matrix for system (17) with nonuniform transmission period. If some parameters are provided in advance, the corresponding optimal faulttolerant controller and the event-triggered weight matrix under the responding optimal performance by a similar method can be obtained along with other optimal performance indexes.
Simulation Experiment
Considering the uncertain nonlinear NCS model [32] , if we choose 1 ( 2 ) = sin 
The eigenvalues of system matrices 1 and 2 are −3.4142, −0.5858, −2.4142, and 0.4142. The system is unstable if the control input is not placed in the system. The values of actuator failure matrix are 0 = diag{1, 1}, 1 = diag{0, 1}, 
There are system state response and control input variety for the three preceding cases which are shown in Figures 3, 4 , and 5.
The codesign method presented in this study is between fault-tolerant control and network communication for the closed-loop failure system (17) with actuator saturation and actuator failure. From Figures 3(a), 4(a) , and 5(a), the codesign method under nonuniform transmission can guarantee that the closed-loop failure system (17) is asymptotically stable with some related performance indexes in the three cases. The related performance indexes include -safety degree, disturbance rejection performance, and out-peak rejection ℎ is the upper bound of ( ). is the quantity of data transmission; / is the ratio between the quantity of data transmission in the DETCS and the corresponding quantity in the PTTCS; ℎ is the average release period; ℎ max is the maximum release period.
performance. Simultaneously, from Figures 3(b) , 4(b), and 5(b), although the system has actuator saturation constraint, the system performance does not deteriorate. Under the discrete event-triggered condition (6), there are corresponding instant distribution of system data transmission and data transmission interval for the three cases, as shown in Figure 6 .
Comparing with PTTCS (300 data transmission), the quantity of data transmission has been significantly reduced in the closed-loop failure system. Based on DETCS, the faulttolerant control for nonuniform transmission nonlinear NCS (17) can save some network communication resource. In addition, the data quantity for transmission becomes substantial with the increase in performance index constraints. Furthermore, the data transmission circumstances of the three cases are shown in Table 1 . Table 1 shows that, with the increase in performance index constraints, the data transmission quantity , the average transmission period ℎ, and the maximum transmission period ℎ max become substantial while the saving ratio of data transmission (1 − / ) becomes small.
With regard to (74), the optimal 1 or 2 for the multiobjective constraint fault-tolerant control of Case 3 can be obtained. If 1 = 1.3, the optimal 2 min = 0.9222 and the corresponding optimal multiobjective constraint faulttolerant controller opt11 , opt21 , and the event-triggered weight matrix Φ opt1 can be obtained 
If 2 = 1.3, the optimal 1 min = 1.1554 and the corresponding optimal fault-tolerant controller opt12 , opt22 , and the event-triggered weight matrix Φ opt2 can be obtained. 
In Case 3, the correlation for -safety degree and 1 min -optimal disturbance rejection level, -safety degree and 2 min -optimal out-peak rejection level, 1 -disturbance rejection level and 2 min -optimal out-peak rejection level, 2 -out-peak rejection level, and 1 min -optimal disturbance rejection level can be obtained. The related result of the simulation experiment is shown in Table 2 . Table 2 shows the correlation between and min ( = 1, 2). and min ( ̸ = , , = 1, 2) also have a mutually restricted relationship. Namely, a few compromise balances principles should be regarded in the design process. Sacrificing one kind of performance because of the excessive pursuit of the other performance is not necessary. In addition, the distribution circumstance of the feasible solution is obtained, as shown in Figure 7 .
Comparing with [25, 30] , the codesign method provided in the paper under nonuniform transmission can ensure that the closed-loop failure system has a larger maximum allowable time-delay by adopting a discontinuous Lyapunov function (Table 3) .
Conclusions
Considering the circumstance of nonuniform data transmission under DETCS, the codesign problem between multiobjective constraint fault-tolerant control and network communication is investigated for closed-loop failure system with actuator saturation. By doing the comparative analysis between the nonuniform transmission control system and the nonuniform sample-data control system, we can conclude that a similar uncertainty of data updating period at the holder end for these two classes systems exists. The establishment of the closed-loop failure system model was completed based on the related method of sample-data control system. Based on a discontinuous Lyapunov function and the mixed convex combination theory, the stability criterion and the related codesign method are provided by matrix inequalities. The simulation in which the closed-loop failure system satisfies different performance indexes is conducted for the three cases. The simulation result shows that the codesign method does not only guarantee the closed-loop failure system with some related performance indexes but also saves certain network transmission communication resource. In addition, the codesign method can enable the system with a larger maximum allowable time-delay comparing with the existing results. The research content of the paper belongs to the field of passive fault-tolerant control, whereas the active fault-tolerant control problem will be studied for closedloop failure system in the next step under the nonuniform transmission period of DETCS. Out-peak rejection level With regard to −1 = ,̆= , and̆= , we can obtain (71).
When the actuator has saturation constraint, we make some mathematical transition to the linear domain condition As −1 = and = are defined above, (A.10) is equivalent to (72). Namely, when the system parameters satisfy (68)-(72), the control law (15) can make the state trajectories of the nonlinear NCS (17) remain inside the ellipsoid ( ) and possess a -safety degree, 2 -performance index, and ∞ -performance index. Meanwhile, the nonuniform transmission multiobjective constraint fault-tolerant controller gain matrix and event-triggered weight matrices are obtained by =̆− 1 and Φ = −1Φ −1 . The proof is completed.
